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slow (s) and rapid (r) neutron capture processes

N = 82

Z = 48

Z = 56



40 50 60 70 80

 Atomic Number ( Z )

!2

!1.5

!1

!0.5

0

0.5

lo
g
 !

( 
Z

 )

Ir

CS 22892!052 ([Fe/H] = !3.1) Sneden et al. (2000)

Os

Hf

Sr

Zr

Y

Nb

Ru

Rh

Pd

Ag

Cd
Ba

La

Ce

Pr

Nd

Sm

Eu

Gd

Dy

Tb

Ho

Tm

Yb

Er

Translated solar r!pattern

Arlandini et al. (1999)



Basics of Big Bang Nucleosynthesis

initial state (T > 1 MeV): n, p

Xn + Xp = 1� need n/p

rate of change in abundance:
dYi

dt
= P (t)�D(t)Yi

P (t) : production rate
D(t) : destruction rate

�
both depend on T (t) and �b(t)

, Yi =
Xi

Ai
, ni = �bNAYi

T (t) specified by dynamics of expansion
�b(t) specified by conservation of entropy per baryon

s � g�e�(t)
T 3

�b
� g�e�(t)

n�

nb
= const.

baryon-to-photon ratio: � =
nb,0

n�,0
⇥ s � 3.6
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expansion of the early universe
mass conservation� �b(t) + �dm(t) = �m(t) = �m,0
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entropy conservation � evolution of �rel at 100 > T > 1 MeV

TS = E + PV � µN ⇥ S =
E + PV � µN

T

fully relativistic: Srel =
�relV + (�rel/3)V

T
� ge�T (t)3R(t)3
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Ṙ

R

⌅2

=

⇤
Ṫ
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BBN and Neutrinos
freeze-out of n/p: �e + n � p + e�, �̄e + p � n + e+

⇤�en ⇥ G2
F

⇥
cos2 �C(f2 + 3g2)(E�e + �)2

⇤�̄ep ⇥ G2
F

⇥
cos2 �C(f2 + 3g2)(E�̄e ��)2

cos2 �C = 0.95, f = 1, g = 1.26, � = Mn �Mp = 1.293 MeV

rate per nucleon: ��N � 4⇥
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Nuclear Statistical Equilibrium (NSE)
Zp + (A� Z)n � (Z, A) + � ⇥ Zµp + (A� Z)µn = µ(Z, A)

considering excited states of nuclei:

n(Z, A) =
⇧

i

2Ji + 1
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In NSE, no rates are needed to calculate abundances:

1 = Xn + Xp +
⇧
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TNSE ⇥
B(Z, A)/(A� 1)

ln ��1 + (3/2) ln(MN/T )

p(n, �)d

d(d, n)3He

d(d, p)t
3He(d, p)4He

t(d, n)4He



Expansion from high temperature & density

• nuclear statistical equilibrium (NSE)	


• quasi-statistical equilibrium (QSE)	


• hot r-process

(A� Z)n+ Zp ⌦ (Z,A) + �

(n, �), (p, �), (n, p), (↵, �), (↵, n), (↵, p)

(n, �) ⌦ (�, n) equilibrium

all strong & electromagnetic reactions in equilibrium

clusters of nuclei form & reactions involving n, p, 	

& light nuclei in equilibrium within each cluster

QSE within each isotopic chain only


